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Delft University of Technology, Faculty of Aerospace Engineering
Delft, The Netherlands
Automation is often accused of adding to the complexity of a system and unnecessarily increasing
operator’s workload, and the potential for human error. An approach is needed that guides
designers to make the right design choices. Cognitive Systems Engineering (CSE) is a promising
approach. However, this field is still young and tangible examples of automation design with an
explicit CSE approach do not exist. This paper describes how the design of Total Energy Control
System (TECS) that was founded in the late 1970’s can be regarded as an example avant la letter.
TECS is an automated flight control system designed to solve many of the issues that classical
autopilot and auto-throttle systems have. Since TECS has been designed, implemented, and
evaluated it could teach valuable lessons on how Work Domain Analysis (WDA) can guide the
design of automated systems as the first phase of CSE approach. The application of WDA to
TECS is exemplified using the abstraction hierarchy and the abstraction decomposition space.
Finding a design paradigm for automating with the least amount of complexity is our goal. Cognitive
Systems Engineering (CSE), Ecological Interface Design (EID), and Cognitive Work Analysis (CWA) are
promising design paradigms that guide designers to build better systems for human – machine interaction
(Rasmussen et al., 1994, Vicente and Rasmussen, 1992, Vicente, 1999). EID, CWA, CSE have the first step in
common, they starts with Work Domain Analysis (WDA) to uncover the constraints and structure of the work
domain. This should make visible how to design a system taking into account those constraints.
Above mentioned fields of research are emerging but, unfortunately still few examples exist where WDA
has been shown to lead to better systems design. Most examples come from interface design using EID. Dinadis et
al. (1999) and Amelink et al. (2005) give examples of ecological interface in the aircraft control domain and Burns
et al. (2004) has bundled a number of examples from multiple domain. Examples that apply WDA with the goal to
achieve real-world systems design with the least amount of complexity have not been found.
However, this can be illustrated well by the analyzing TECS in retrospect. The main reason why TECS has
better performance over classical auto-pilot / auto-throttle systems is because TECS takes the energy management,
inherent to flight, explicitly into account. In contrast, classical autopilots are based on representations coming from
first principles of small-perturbation flight dynamics, acting on arbitrary states. They are criticized for their
complexity and un-human-like behavior under certain conditions. Lambregts (1983a, 1983b, 1996) explains how
TECS has better performance and is significantly less complex.
WDA is always about the details in a work domain, therefore a certain depth of knowledge needs to be
achieved. First, an introduction to TECS is given so the reader understands the main points of TECS, and the
architecture is discussed to show which components the system is made of. Then, the WDA is made using
`abstraction’ and ‘part-whole decomposition’, which links the components of TECS the purpose of TECS. We hope
that the analysis also facilitates in conveying knowledge about how TECS works and the design rationale behind it.
Introduction to Total Energy Control System
Total Energy Control System is a generalized automatic flight control system that was developed in the late
1970's to early 1980's by Lambregts to overcome a number of issues with conventional autopilots at the time
(Lambregts, 1983a, 1983b, 1996). These issues include: unnatural high levels of control activity (especially the autothrottle), a complex man-machine interface, and functional overlap in control modes causing mode confusion.
Lambregts fully recognized the importance of designing with the least amount of complexity added by automation
through functional integration. Lambregts' approach starts with an analysis of the fundamental physics of airplane
dynamics and designed TECS to act on the energy constraints inherently present in aircraft control. In retrospect this
approach coincides with what was later called the ecological approach, in this case the ecology between automation
and the environment. Although TECS was developed before CSE emerged as a research field, the design approach
of TECS can be regarded as an ecological approach to automation design avant la lettre. Since TECS has been
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Figure 1: Overview of TECS – control diagram. Adapted from
Lambregts(1983a, 1983b).

Figure 2: TECS core with the aircraft
independent and aircraft tailored parts.
Adapted from Lambregts(1983a, 1983b).
designed, implemented, and evaluated it can teach us valuable lessons on how CSE principles should guide the
design process of automation. Such a tangible example is not yet available with an explicit CSE approach.
The objectives of the design of TECS were to integrate all longitudinal autopilot and auto-throttle control
functions to generate pilot like control, to create a simplified man-machine interface, and to structure the control
mode hierarchy to eliminate the overlap in control modes found in conventional autopilots and auto-throttle systems.
A methodology was derived for designing a generic elevator and thrust command computation algorithm that
provides decoupled flight path and speed maneuver control and is capable of serving all vertical flight path and
speed control modes. This overcomes the limitations of separately designed autopilot and auto-throttle systems, and
eliminates the need to switch inner-loop controllers with each flight mode. For a complete overview of the
performance improvements that TECS offers, the reader is referred to Lambregts (1996, 1983a, 1983b) work.
TECS architecture overview
A conceptual overview of the TECS architecture is given. The complete design is much more complex and
cannot be captured in a single diagram or in the scope of this paper. Figures 1 and 2 show the main part of TECS
that is considered. Figure 2 shows the content of the ‘TECS core’ box in Figure 1. The part upstream of the TECS
core (Figure 1) is labeled ‘mode hierarchy’. The mode hierarchy consists of a number of modes inherited from
classical flight guidance and control systems. The modes are organized in a hierarchy to achieve, for example, that
the flare mode overrides the Vmin mode. The commands of the altitude / vertical path modes are transformed to
vertical flight path angle commands ( γ c ). The commands from the speed modes are transformed into normalized
acceleration commands (V&c / g). These commands are the interface with the TECS core. All modes use this interface
and the core processes commands off all modes with the same command computation logic. The aircraftindependent part of the core (Figure 2) computes generic elevator and generic throttle commands based on the
energy control logic. The core can compute the commands in three ways, depending on the crossfeed switches
positions. In the default setting, the core nulls the path and acceleration errors equally. Either switch can be opened
to give priority speed or path commands in the case the required thrust fall outside the engines’ thrust range. The
computed commands are processed in the ‘aircraft tailored’ design by the inner-loop engine and inner-loop pitch
control to yield the desired engine thrust and elevator deflection. Each of the components and their role in the
complete system is discussed below, in the Work Domain Analysis.
Work Domain Analysis
Two relationships between functions are relevant to WDA: abstraction and part-whole decomposition
(Rasmussen, 1986, 1994). Abstraction is used to link a function to a function on a higher level of abstraction. Partwhole decomposition is used to split a function into subcomponents or its features on the same level of abstraction.
Aggregation is the opposite of decomposition. Rasmussen’s(1994) levels of abstraction are adopted. These relations
are used to link the functions of components in the control diagram with the functions and goals they achieve. The
analysis is based on available information in diagrams, article texts, and correspondences with Lambregts. TECS is
delimited by its natural boundary. It includes the aircraft, its dynamics, the control hardware, its functioning, and the
TECS control panel that is operated by the pilots. Although ‘sensors and feedback signal synthesis’ is a critical part
of TECS, it can be left out of the scope for this analysis without impacting the principles illustrated. The system
spans multiple levels of abstraction and multiple levels of part-whole decomposition.
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A first chunking of the system
A ‘first chunking’ of TECS is made as a first attempt at structuring the knowledge available of TECS, in
terms of abstraction and part-whole decomposition. The starting point is the most detailed representation available:
the control diagram in Figures 1 and 2 in combination with the literature on TECS. It belongs to the ‘generalized
function’ level of the abstraction hierarchy since it is a conceptual representation independent of physical
implementation. The control diagram shows the system in components meaningful to signal processing. At the same
time each component has a function that serves the goal of TECS. Abstraction and decomposition relations are used
to take the components out of the control theory context and link their functions to the functional goals of TECS.
Figure 3 shows the ‘first chunking’ where the components of Figures 1 & 2 are on the ‘generalized function’ level
and are linked to their abstract function on the ‘abstract function’ level. In turn, those functions achieve a purpose on
the ‘functional purpose’ level. Part-whole decomposition applies to physical structures as well as conceptual
structures. At the top of Figure 3, TECS denotes the entire system as a single concept. It is decomposed into three
functional goals: ‘safety’, ‘production’, and ‘efficiency’ according to Van Paassen(1995). Four functions and their
abstraction and decomposition relations are further exemplified; they are highlighted with circles in Figure 3 for
easy referencing.
(1) The rate-limits in the command signals paths γ c and V&c / g limit the rate of change of these commands
ensuring limited commanded maneuvering rates and smooth command generation. The solid arrow shows the
abstraction relation between the rate-limits on the ‘generalized function’ level and the block ‘limited maneuvering
rates’ on the abstract function level. The maneuvering rates are expressed in acceleration normal to the flight path
( an ) and the acceleration along the flight path (V& ). In turn, the primary function of limiting the maneuvering rates is
to ensure passenger comfort. Passenger comfort is shown to be a part of the ‘production goal’ of TECS using a
hollow arrow meaning: part-whole decomposition. The secondary function of limited maneuvering rates is to protect
the airframe loading: envelope protection, which is part of the safety goal of TECS. Passenger comfort requires a
lower maneuvering rate limiting than envelope protection hence the order of primary and secondary functions. There
is also a decomposition relation between the rate limits and ‘equal rate limits’ in the ‘gain & limiter values’ box. The
value of the rate limits (and other gain values) is part of multiple functions on the generalized function level. This is
visualized by the multiple part-whole decomposition arrows pointing to this block. One of those concepts is
‘preserved energy relation’, which takes us to the next example.
(2) On the abstract function level the block ‘energy based control decoupling’ is a main function of TECS.
It represents that the energy constraints that work on flight are taken into account in the design of TECS, giving it
the basis for its improvements over the classical auto-pilot and auto-throttle design. As visualized by the abstraction
relation to the ‘functional purpose’ level, the ‘energy based control decoupling’ achieves ‘quality of control’ and
‘efficiency’ in terms of fuel economy and engine wear. The implementation of the energy control principles is
realized, conceptually, by the structure of the TECS core (Figure 2) and the values of the gains. In the speed and
path command signal paths, the energy relationship needs to be preserved in order to achieve control decoupling.
This is shown as ‘preserved energy relationship between speed and path commands (principle)’ which is
decomposed into the ‘gain values’ that instantiate the principle. Note the decomposition taking place from ‘energy
based control decoupling’ to ‘default, speed, or path priority configuration’. The latter denotes the three ways the
TECS core can compute the elevator and throttle commands (default, path priority, speed priority).
(3) Bandwidth separation is a well known principle from control system engineering to achieve stability
and damping in a control systems consisting of nested control loops. This principle is applied to TECS to achieve
stability and damping (on the abstract function level). The control frequencies of the different loops (pitch attitude,
flight path angle and longitudinal acceleration, speed and altitude) are selected to be a factor of 3.3 to 7.5 apart with
the largest gains in the inner-loop. The principle is shown on the generalized function level and is decomposed into
the values of the control gains. Note that the gain values are part of satisfying two principles: preserved energy
relation and bandwidth separation.
(4) ‘Overhead control’ is shown on the generalized function level. Available literature does not describe the
exact functioning of this block but it is clear from descriptions that there is control logic responsible for (among
others) the coordination of mode switches, setting speed/path priority, and detecting speed range violation. Due to
lack of information about it, the logic itself cannot be refined at the ‘abstract function’ level. The switches found in
the mode hierarchy and core, are controlled by the overhead logic and are, therefore, part of that sub-system as well.
The decomposition arrows originating at the ‘overhead control’ block show where the TECS control diagram and
the overhead control logic are connected. The abstract principles of the overhead control logic remain uncovered by
this analysis.
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Figure 3: A first chunking of TECS showing functions related through abstraction and decomposition.
On the ‘physical function’ level the aircraft is shown to visualize that TECS is part of the complete aircraft and to
show two non-holonomic (design implied) constraints: the aircraft’s speed range and the engine’s thrust range. Lack
of information on implementation of TECS is reflected on physical function level – hardware on which TECS is
implemented is not represented and out of scope for the analysis. Therefore the ‘physical function’ level is mainly a
placeholder for the technologies and allows us to show that aircraft properties are part of the complete TECS system.
Note that the relation between aircraft and TECS has not been fully developed in Figure 3.
Aggregation and Abstraction
The first chunking of TECS maps out knowledge of the system with respect to how the system components
are designed to achieve the goals of TECS. By making abstractions and aggregations, details are lost but the analysis
focuses on the essential abstract principles underlying the functioning of the system and therefore the design choices.
The Abstraction Decomposition Space (ADS) is a two-dimensional matrix spanned by levels of abstraction
vertically, and levels of part-whole decomposition horizontally. Rasmussen (1994) explains about the ADS: moving
up in abstraction and left in level of decomposition does not lead to the same representation as when first moving
left in level of decomposition and then up in level of abstraction. Choosing different levels of part-whole
decomposition allows the analyst to make different abstractions. This property of the ADS is illustrated here with
TECS.
By viewing Figures 1 & 2, it is hard to see the energy relations baked into the design, although the
crossfeeds in Figure 2 do give a hint. At this level of part-whole decomposition, the system is viewed in terms of
signal processing, gain scheduling and location of the amplitude limits, integrators, etc. A natural abstraction from
this representation and level of part-whole decomposition is toward control theoretical analysis covering: control
action response, transient response, stability, frequency response and robustness.
In order to make more natural abstractions towards the energy representations (our goal), the level of partwhole decomposition needs to change. Figure 4 shows an aggregation where the components of Figures 1 & 2 have
been grouped in such a way that the aircraft independent part of the TECS core becomes the main focus. The arrows
in Figure 4 still represent signals but a lot of detail (rate limits, gains, etc.) has been lost including the control
theoretical considerations. As a result the main principle is highlighted: control decoupling. The system can be seen
in terms of the mode hierarchy that generates the acceleration and path commands, the control decoupling, and the
aircraft. These three parts can be visualized on the ‘abstract function’ level with an analogy to picture the abstract
functions. Figure 5 shows the aircraft reservoir analogy (Amelink, 2002, Amelink et al. 2005): the aircraft is shown
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Figure 4: aggregation of TECS into larger
functional blocks.

Figure 5: aircraft reservoir
analogy.

Figure 6:control decoupling
pushrods analogy.

as a system storing two kinds of energy in two reservoirs: kinetic energy (speed) and potential energy (height). As
shown, the throttle controls the total energy inflow while the elevator controls the distribution of the total energy
flow between the two energy reservoirs. The problem of control decoupling is immediately evident: when the (auto-)
pilot wants to meet speed and or altitude goals, a coordination of throttle and elevator is needed because neither
throttle nor elevator controls speed or vertical path alone. The TECS aircraft-independent core is designed to
translate path and speed commands into total energy and energy distributions commands to match the aircraft’s
energy controls. Figure 6 shows the pushrod analogy that is a simplified mechanical representation of the
mathematical relations designed into the aircraft-independent core. One can mentally experiment with the speed and
path control inputs to see which throttle and elevator commands are produced. The lower diagram in Figure 6 shows
speed and path commands equal and opposite in energy terms, with the result that only the elevator control is needed
to exchange speed for height without changes in total energy (throttle). The outputs can be mentally linked to the
inputs of the reservoir analogy (Figure 5). The mode hierarchy is best represented by the switching logic already
visible at the generalized function level but without the gains to focus on the hierarchical relation between the modes.
From Work Domain Analysis to design
Lambregts (1983a, 1983b) explains that the design of TECS started with the point mass and energy
considerations and the idea that the throttle and elevator are the aircraft’s energy controls instead of speed and
altitude controls. This starting point coincides with the abstract representations in Figures 5 and 6. It is imagined that,
from this point a representation similar to Figure 4 emerged, as a first step to implement the abstractions into a
conceptual control system at the generalized function level. Figure 4 identifies the energy based control decoupling
and draws boundaries between the mode hierarchy, the aircraft independent control decoupling and aircraft tailored
design. Figure 3 shows how the system components serve functions to instantiate multiple principles (energy
decoupling, bandwidth separation). Finally in Figures 1 and 2 all comes together to form the conceptual control
system and explicit signal processing.
Conclusions
In this example work domain analysis we have been able to map a control system onto levels of abstraction
and part-whole decomposition. The analysis is however made of an existing system, in retrospect. This does not
match the process of designing a new non-existing system and our original goal was to exemplify WDA for
designing automation for new systems. The final paragraph of the Work Domain Analysis section describes how the
flow of the analysis would be reversed when designing TECS from scratch; starting with the abstract energy
representations that need to find their way into the to-be-designed system. It is expected that the analysis for new
systems typically start with abstract representations. Abstract representations can be any governing principle that
does not have a material presence in the world, like energy flows. Analogies are used to visualize the abstract
functions (Figures 5 and 6), to help the reader understand the processes underlying the principle. Mathematics would
have been an equally good or a better technical representation but simply stating the law of conservation of energy
would not help most people with mental experiments and understand the relations between speed, path, throttle,
elevator and energy levels.
The ‘first chunking has been experienced as a very helpful exercise to first get things right on the levels of
abstraction and later introduce the levels of part-whole decomposition. In such a representation at least two things
should be avoided: i) avoid linking everything to everything, and ii) rule out any guess work.
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i) In complex systems, especially when optimized, all components interact somehow and arrows can be
drawn from many functions to many others. Arrows will start meaning: “somehow relates to …”. This is
unproductive. The analyst should keep in mind that the essence of functioning needs to be represented by making
the right decompositions and abstractions. By making abstractions, details are lost and the essence is highlighted.
Similarly, weak couplings disappear and strong ones remain. When all details about the system should be visible,
the system should be viewed at the most detailed and least abstract level.
ii) It is tempting to break down a system in those components anyone can see of the top of their head.
Unfortunately this does not add to the knowledge of the system. At best it is a start to organize concepts on different
levels of abstraction. Above the ‘overhead control logic’ is exemplified under (4) and it is stated that information is
lacking. As a result the analysis gives us little information about the internal workings despite the fact that the
overhead logic is represented on three levels of abstraction. The only real information is on the generalized function
level where the components it interacts with are linked through part-whole decomposition. If information about a
system is missing, some meaningful relations may not be shown. If there is the need to show those relations, the
information should be retrieved.
In this particular analysis the reader will note that the links across the levels of abstraction are mostly oneto-one. The explanation for this is that the analysis of TECS mostly spans three levels of abstraction. On the
‘generalized function level’ TECS is decomposed into those parts that have meaningful abstract functions and
dominant one-to-one relation with them. On the ‘functional purpose’ level these are recombined to the single TECS
block.
Perhaps the answer to the question “whether WDA applied to TECS adds value to the design process” can
best be given by the reader. If the reader now has some understanding of how TECS controls speed and path, what
the underlying principles are, and why they are important, knowledge has been conveyed successfully with this
approach. If not, the search continues to find good methods for mapping out the structure of work domains.
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